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ABSTRACT 
 
 

A nearly equilibrium five-year cycle has been achieved at Dukovany NPP over the last years. 
This means that working fuel assemblies (WFA) with an average enrichment of 4.25 w% 
(control assemblies (CA) with an average enrichment of 3.82 w%) are normally loaded and 
reloaded for five years. Operation at uprated thermal power (105% of the original one, increase 
from 1375 MWt to 1444 MWt) is being prepared by use of WFA with an average enrichment of 
4.38 w% (CA with an average enrichment of 4.25 w%). 

With the aim of fuel cycle economy improvement, the fuel residence time in the core has to be 
prolonged up to six years with one cycle duration time up to 18 months and preserving loadings 
with very low leakage. In order to achieve this goal, at least neutron-physical characteristics of 
FA must be improved and such changes should be evaluated from other viewpoints. Some 
particular changes have already been analyzed earlier.  

Designs of new fuel assemblies with higher (and in the central part of a FA the highest 
possible, i.e. 4.95 w%) enrichment with preserving low pin power non-uniformity are described 
in the presented paper. An FA with an average enrichment of 4.66 w% (lower than originally 
evaluated) containing six fuel pins with 3.35 w% Gd2O3 content was selected in the end. Fuel 
pins have bigger pellet diameter, bigger pin pitch and thinner FA shroud. 

A newly designed FA was evaluated from the viewpoint of physics (pin power non-
uniformity, criticality of fuel at transport and storage and determination of basic quantities for 
spent fuel storage purposes by ORIGEN code), thermo-hydraulics (comparison of subchannel 
output temperatures and the departure from nucleate boiling ratio - DNBR) and mechanical 
properties. The purpose of this study was to simulate an FA subject to the loads during its six- 
year lifetime whereas normal working conditions were taken into account. There are presented 
two models with different shroud thickness undergoing these analyses. Both models also 
undergo buckling shroud analyses. Next the maximum inner excessive pressure limits /as a 
consequence of accident conditions/ were determined. Furthermore, the low shroud thickness 
limit for loads representing normal working conditions was assessed. The model, whose shroud 
thickness was reduced down to 1.0 mm, was subjected to a low cycle fatigue analysis. 

Possibilities of fuel cycles are evaluated on model loadings with the newly designed FA, 
where the base are loadings for 27th – 34th cycles of the third unit of Dukovany NPP for uprated 



power. These cycles were prolonged (from approx 330 FPD to 370 FPD) using FA with higher 
enrichment. Moreover, newly optimized loadings of a length of up to 500 FPD (18 months) were 
considered. The transient process started from the last of the set of loadings (27th – 34th) for 
uprated power. Newly designed fuel assemblies were loaded regularly in 18-month cycles. 
Average enrichment of CA was 4.38 w%. Transient loadings are formed by cycles 35-37 and the 
equilibrium cycle is created by cycles 38 and 39. Each cycle was optimized individually and fuel 
assemblies intended for unloading were determined for each cycle separately. The “equilibrium” 
cycle is realized by three consecutive loadings with 16 fresh WFA and 2 fresh CA. Basic 
characteristics of a reference cycle and an 18-month cycle were compared. Optimization was 
performed by the OPAL_B code on the basis of 3D n-ph calculations of the MOBY-DICK code 
with the target function Fdh < 1.51. 

Consecutive thermo-hydraulic calculations were executed following the core neutron-physical 
analysis that had been carried out by the MOBY-DICK code in the 1/6 core symmetry. These 
thermo-hydraulic calculations were executed for loadings of both existing and newly designed 
fuel assemblies.  

Fast neutron fluences (calculated by TORT transport code based on neutron sources 
calculated by MOBY-DICK code) onto the reactor pressure vessel for proposed the 12-month 
and 18-month cycles were also calculated and compared. 

The analyses performed confirmed that fuel cycles using newly designed FA and fulfilling 
basic safety criteria can be designed together with fuel cycle economy improvement. 

 
 
 

I. INTRODUCTION 
 
 

A nearly five-year cycle has been achieved in the last years at Dukovany NPP. There are two 
principal means how it can be achieved. First, it is necessary to use fuel assemblies with higher 
fuel enrichment and secondly, to use fuel loading with very low leakage. Both these conditions 
are fulfilled at Dukovany NPP at this time. 

It is known, that fuel cycle economy can be improved by increasing the fuel residence time in 
the core up to six years. There are at least two ways how this goal can be achieved. The simplest 
way is to increase enrichment in fuel. There exists a limit, which is 5.0 w% of 235U. Taking into 
account some uncertainty, the calculation maximum is 4.95 w% of 235U. The second way is to 
change fuel assembly design. There are several possibilities, which seem to be suitable from the 
neutron – physical point of view. The first one is a higher mass content of uranium in a fuel 
assembly. The next possibility is to enlarge the pin pitch. The last possibility is to “omit” the FA 
shroud. This is practically unrealistic; anyway, some other structural parts must be introduced. 

 
 
 

II. N-PH CHARACTERISTICS OF FUEL ASSEMBLIES AND CORE 
 
 



II.A. Fuel Assemblies Solely of Higher Enrichment 
 
First, as stated in the introduction, we will consider an enrichment of 4.95 w% of 235U in 

some of the fuel pins in a fuel assembly. The other characteristics (it means excluding 
enrichment) are the same as they are for a fuel assembly of Gd-2 or Gd-2M (see Fig. 1.) for up-
rated power. 
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Fig. 1. Fuel enrichment [w% of 235U] in fuel rods of FA Gd-2 type „Gd-2M“ (average 

enrichment - 4.38095 w% of 235U). 
 
It seems to be clear that this maximal enrichment can not be applied in all fuel pins because in 

this case the pin power non-uniformity would be very high (more than 1.15), which would create 
a problem in terms of the pin power factor in the core. Therefore, the enrichment is lower in 
some pins and one possible solution, found by FA analyses by the WIMS81 code, is shown in 
Fig. 2., where the maximum value of 1.072 was found in pin No. 17 according to the Fig. 3. at 
FA burn-up of 10000 MWd/tU. 
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Fig. 2. Fuel enrichment [w% of 235U] in FR without/ with modified FP design of “Gd-2” FA 
(average enrichment - 4.75714 w% of 235U), FAs QO3 and Q3S). 
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Fig. 3. Numeration of fuel pins in a FA. 
 
Fuel assemblies (according to Fig. 2.) have been loaded into the core in transient end 

equilibrium cycles of Dukovany NPP for up-rated power. {Cycles 27 to 34 of Unit III; without 
any change of existing design loadings – except a change of an overall cycle length; the same is 
effective in sub-chapters II.B and II.C and basic characteristics of these cycles are shown in 
Tables I-II (where the column 1 shows a cycle number while the column 2 involves the values 
for the “base” calculation  [WFAs with an enrichment of 4.38 wt% of 235U (acc. to Fig. 1.) and 
CA of 4.25 wt% of 235U (acc. to Fig. 4.)], in column 3 for the variant with WFAs acc. to Fig. 2. 
and CAs acc. to Fig. 4., in column 4 for the variant with WFAs acc. to Fig. 2. and CAs acc. to 
Fig. 1.).} 
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Fig. 4. Fuel enrichment [w% of 235U] in fuel rods of Russian design of FA “Gd-2“ type 

(average enrichment - 4.247619 w% of 235U). 
 



It is obvious that fuel cycles prolongation has been achieved, but this prolongation must not 
be sufficient for a six-year cycle. 

 
II.B. New Fuel Assembly Design 
 
Another possibility of how to extend the fuel cycle (and how to potentially achieve a six year 

cycle) is the application of a fuel assembly with an improved design. There are several 
possibilities, which seem to be suitable from the neutron – physical point of view. The first one is 
a higher mass content of uranium in a fuel assembly. This can be achieved in two ways: first to 
remove the central hole in a fuel pellet and second, to enlarge the fuel pellet diameter (or both). 
Other characteristics remain the same as for an FA for up-rated power (Gd-2M). 

The next possibility is to enlarge the pin pitch. It has been also applied. The last possibility is 
to “omit” the FA shroud. This is practically not realistic, in any case; some other structural parts 
must be introduced. As a result of the effort in this field there are designs, which are summarized 
in figures, graphs and tables below. 

Fig. 5. represents the optimum radial profilation found in an FA (it is marked as “Q3N” for an 
FA with Gd2O3 content of 3.35 wt%) with maximally four different enrichments and the 
maximum enrichment of 4.95 wt% of 235U). 

Fig. 6. represents the maximal relative pin power (precisely fission rate) distribution for the 
mentioned FAs. 

“QO3” labels an FA with an increased enrichment of up to 4.95 wt% of 235U in Gd-2 
geometry with three different enrichments in radial profilation with a Gd2O3 content of 3.35 
wt%, analyzed in year 2007 and “Q3N” is an FA with an increased enrichment of up to 4.95 wt% 
of 235U in “a new” geometry (thickness of the FA shroud is lowered, FP pitch is increased, fuel 
pellet diameter is enhanced (the central hole is preserved)), but with four different enrichments in 
radial profilation with a Gd2O3 content of 3.35 wt%. 
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Fig. 5. Fuel enrichment [w% of 235U] in FR of FA design optimized from the point of view of 

radial profilation (with 4 different enrichments) (average enrichment - 4.661905 w% of 235U). 
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Fig. 6. Max. relative power of FP in FAs with a higher enrichment, different profilation and 

geometry. 
 
Tables I-II also show the characteristics of fuel cycles loaded with FAs bearing increased 

enrichment and changed geometry. In the first column the fuel cycle ordinal number is given, the 
2nd – 4th column indicate the quantities for FAs under consideration in previous subsection (i.e. 
FAs solely of increased enrichment) and the 5th – 6th column indicate the quantities for FAs with 
increased enrichment, changed geometry and radial profilation (with four different enrichments) 
marked “Q3N”. Variants with a Gd2O3 content of 5.0 wt% were excluded from all assessments. 

 
 
II.C. New Fuel Pellet Design 
 
From the practical point of view, it seems realistic to be the FA design solely of higher UO2 

mass, which means: removing the central hole from fuel pellet and increasing of the fuel pellet 
diameter (the fuel stack height remains unchanged). During our checking, both conditions were 
applied simultaneously. Other characteristics are the same as for the previously mentioned FA 
(Gd-2 geometry and higher fuel enrichment). 

Fig. 7. represents the values of maximum pin power (to put it more exactly, the fission rate) 
for the mentioned FAs types. As the graph suggests, these FAs always have relatively big values 
of pin power non-uniformity. 
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Fig. 7. Max. relative power of FP in FAs of higher enrichment and different fuel pellet 

geometry. 



 
Further, calculations of 27 to 34 cycles were also performed for FAs with increased 

enrichment and changed fuel pellets only. It is then easy to express the extension of a specific 
cycle as a difference (gain) of efficient days, which is a measure of contribution of (working) 
FAs of higher qualities (higher enrichment and changed pellet geometry) on fuel cycle length. 

Tables I-II also set characteristics of cycles with FAs with increased enrichment in FP and 
changed fuel pellets design only (“Q3S”) (and with fuel part of CA of Gd-2M) in columns 7 and 
8. 

It is important to mention that the cycle length is not the only criterion, which is necessary to 
take into account. There exist also safety limits. 

All calculations by MOBY- DICK code described above were effected in 3D pin-wise mode4. 
Details about these analyses can be found in2. 

 
TABLE I 

Cycle Length for Different FAs with Higher Fuel Enrichment 

cycle
\ 
FA 

Base 
(QS3) 

QO3  
(Gd-2+) 

QO3  
(Gd-2M) 

Q3N 
(Gd-2+)

Q3N 
(Gd-2M)

Q3S 
(Gd-2+)

Q3S 
(Gd-2M) 

27 326 341 342 345 347 344 346 
28 326 346 348 355 356 356 357 
29 328 357 360 369 372 374 377 
30 328 357 359 372 374 379 381 
31 328 348 350 362 365 370 373 
32 327 353 356 367 369 374 376 
33 326 353 355 367 370 375 377 
34 326 349 351 362 364 369 371 

 
 

TABLE II 

Maximum Fdh (Kr) in Cycles with FAs with Higher Fuel Enrichment  

Cycle\FA Base (QS3) QO3  
(Gd-2+) 

QO3  
(Gd-2M)

Q3N  
(Gd-2+) 

27 1.519 (2*) 1.557  1.556 1.530  
28 1.511 (0) 1.563  1.561  1.539  
29 1.518 (2) 1.548  1.544  1.535) 
30 1.497 (2) 1.539  1.537  1.515 
31 1.514 (0) 1.542  1.539  1.516 
32 1.500 (2) 1.537  1.535  1.512  
33 1.511 (2*) 1.539  1.537  1.516  
34 1.510 (0) 1.542  1.540  1.512 
Cycle\FA  Q3N  

(Gd-2M) 
Q3S  
(Gd-2+) 

Q3S  
(Gd-2M)

27  1.528  1.615  1.616  



28  1.537  1.598  1.596  
29  1.532  1.557  1.555  
30  1.513  1.530  1.528  
31  1.513  1.539  1.537  
32  1.510  1.527  1.525  
33  1.514 1.532  1.531  
34  1.510  1.536  1.534  

 
 
II.D.18-Month Cycles 
 
As explained above, an 18-month cycle strategy was also evaluated. 
The transitional process was introduced by the last cycles with FAs for uprated power (Gd-

2M). These cycles (33rd and 34th) serve as reference ones for the subsequent optimization process 
with the aim of finding a reference 18-month cycle. Optimization itself has been provided by 
optimization code OPAL_B3 based on 3D pin-to-pin calculations by the code MOBY-DICK4 for 
target function FdH < 1.51. 

The transitional process was created by cycles 35 to 37 and an “equilibrium process“ is 
represented by cycles 38 and 39. Each cycle was optimized individually and also fuel assemblies 
selected for unloading were determined for each cycle separately. An equilibrium cycle was 
implemented in three successive cycles with 16 WFAs (“Q3N”) and 2 CAs (“QS3”). 

The following Table III shows the basic characteristics of the 18-month cycles and the 
reference cycles, where ∆Teff is the length of each cycle [FPD], CBEOC represents the boric acid 
concentration at the cycle end after stretch-out, FdH is the maximum of pin power and BUBOC and 
BUEOC are average fuel burn-ups in the entire core at the beginning and at the end of each cycle, 
respectively. 

It is obvious that the characteristics of an 18-month cycle are steady, and as it could have been 
expected, the core has a wide burn-up range, from which higher requirements on reactivity 
extend saturation result. 

 
TABLE III 

Results of Basic Characteristics of an 18-Month Cycle 

Loading 
No.: 

∆Teff  
[FPD] 

CBEOC 
[g/kg] 

Max.  
FdH  

BUBOC 
[MWd/tU] 

BUEOC 
[MWd/tU] 

1 (37) 500 -0.090 1.507 20835 36439 
2 (38) 500 +0.015 1.504 20759 36411 
3 (39) 500 +0.017 1.506 20788 36439 

 
Fig. 8. shows assembly and pin power non-uniformity. Relatively good stability of an 

equilibrium cycle can be seen.  
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Fig. 8. FHA (Kq) and FdH (Kr) dependences during burnup, cycles 38 and 39, 18-months cycle 

(500 FPD). 
 
The following Table IV confirms slightly lower burn-up of the extracted fuel in the 18-month 

cycle in comparison with the 12-month cycle. 
 

TABLE IV 
Average FA Burn-up in Batches [MWd/tU]  

Batch 1 2 3 4 5 6 
18-month cycle (39) 19703 36852 49446 50766   
12-month cycle (34) 13988 26495 38910 49026 51323 51694

 
 
II.E. Spent Fuel Basic Quantities Calculation in Newly Designed FA 
 
The calculation of basic quantities was performed for “Q3N” FA by the last version of 

SCALE 5.1 especially by a combination of control modules Triton 2D6 for building accurate 
libraries for the newly designed FA “Q3N” for VVER-440 that takes into consideration rigorous 
radial distribution of each pin, and Origen ARP7, which involves a newly built library by Triton.  

Calculation was made for thirty-five time points for cooling time from 0.5 year up to 80 years. 
For comparison three burn-ups were selected: 50, 60 and 70 MWd/kg.  

Selection of the basis quantities was performed on the base of the need of shipping cask 
filling and using the registration of nuclides by fuel management.  

These quantities are as follows:  
• Activities of chosen nuclides;  
• Energy of photon sources in 7 (of 18) groups;  
• Neutron sources of: spontaneous fission, (α,n) reaction; 
• Total activity of: fission products, actinides and activated materials;  
• Energy source of charged particles from: α, β radioactive decay, fission products of 

spontaneous fission;  
• Total gamma energy of a fuel assembly;  
• Total neutron source of a fuel assembly; 
• Total photon source; 



• Total activity of a fuel assembly; 
 
34 basic quantities were investigated, and by way of an example, 244Cm (see Fig. 9.) was 

chosen from among the nuclides and the total gamma energy source (see Fig. 10) from among 
the other quantities. 
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Fig. 9. Dependence of activity on cooling time. 
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Fig. 10. Dependence of total gamma energy source on cooling time. 
 
Deviation between the calculation of the “Q3N” and Gd-2M fuel assembly (see above) was 

up to 5% for activity of 244Cm and for total neutron source. For total gamma and photon source 
this deviation is up to 1%. 

Details can be found in10. 
The criticality was also evaluated for newly designed fuel assemblies as it occurs during the 

assemblies transport with fresh fuel and during the storage of assemblies with spent fuel. Results 
of this evaluation are not presented in an exhaustive way; it can only be stated that the reactivity 
is higher up to 2% depending on device under consideration. This can become an issue 
especially for a rack for spent fuel – probably partial boron credit methodology should be 
implemented. 



 
 
II.F. Neutron Fluence Calculation 
 
Power distribution was calculated using the code MOBY-DICK in pin-to pin arrangement 

assuming 60° rotational symmetry. The neutron sources in the core were derived from the 
mentioned power distribution, assuming the length of a fuel cycle and neutron spectrum change 
due to the isotopic composition change (235U, 238U and 239Pu) through the fuel cycle. This 
neutron source was used for the fast neutron fluence calculation using the transport code TORT8. 
The task was calculated in the r-υ-z geometry, in S8 approximation and with the cross section 
library BUGLE-969. The anisotropy scattering is described applying P3 approximation. 

We calculated the fast neutron fluence onto the reactor pressure vessel (RPV) for neutron 
energy threshold Eth>0.5 MeV, for Dukovany NPP Unit 3 and the following cycles: 12 month 
cycles - cycles 33 and 34, both with Gd-2M FAs and “Q3N” FAs, 18 month cycles - cycles 38 
and 39, both with “Q3N” FAs. 

The fast neutron fluence per 1 effective day for neutrons Eth>0.5 MeV onto the RPV in the 
position against the maximum power for the mentioned cycles is compared in Fig. 11. 
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Fig. 11. Fast neutron fluence increase per 1 effective day onto the RPV against power 
maximum, Eth>0.5 MeV, Dukovany NPP Unit 3. 

 
The comparison given in Fig. 11. shows that the fast neutron fluence per 1 effective day onto 

the RPV is significantly higher (~27%) for the longer cycles (18 months) than for the shorter 
ones (12 months). It is caused by relatively high neutron sources in peripheral fuel assemblies 
for the longer cycles. Proposing longer cycles, it is necessary to proceed very cautiously with 
respect to the fast neutron fluence onto the RPV and differences in fission spectra of fuel 
isotopes 235U, 238U and 239Pu.  

Details can be found in10. 
 

III. THERMO-HYDRAULIC ANALYSES 
 



 
Subsequent thermo-hydraulic calculations were executed following the assembly and core 

neutron-physical analyses. The first part is focused on thermo-hydraulic calculations of the 
individual newly designed “QO3”, “Q3S” and “Q3N” FAs in the course of burn-up. The second 
part concerns calculations of standard equilibrium fuel loadings of “Q3S” and “Q3N” assemblies 
for Dukovany NPP. 

 
 
III.A. Thermo-Hydraulic Calculation of Particular FAs 
 
In order to compare thermo-hydraulic criteria for the “QO3”, “Q3S” and “Q3N” FAs 

mentioned above, a subchannel analysis was executed for identical boundary conditions, 
turbulent mixing model and used DNB correlation. These calculations followed the n-ph analysis 
executed by WIMS8 code. The input conditions are stated in Table V. 

 
TABLE V 

Calculation Conditions 

Core thermal output  [MW] 1444 
Assembly thermal output  [MW] 4.138 
Inlet flow-rate   [kg/m2/s] 2518.8 
Primary circuit coolant 

pressure  
 [MPa] 12.35  

Assembly inlet temperature   [°C] 267.0  
Turbulent mixing factor   [-] 0.0062 
DNB correlation  See15 OKB3 

 
The comparison of the calculated results – the maximum outlet subchannel temperature and 

the minimum DNBR value for all the above mentioned FAs in the course of burn-up is displayed 
in the following Table VI and Fig. 12. and Fig. 13. 

 
TABLE VI 

Maximum Subchannel Outlet Temperature and Minimum DNBR (OKB3 Correlation) 

Parameter/FA QO3 Q3S Q3N 
Tmax [°C] 317.9 317.8 316.5 
Min. DNBR 

[-] 
3.698 3.674 4.045 

BU 
[MWd/kgU] 

10 12.5 0 
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Fig. 12. Dependencies of Tmax. and min. DNBR on burn-up for “QO3” and “Q3S” fuel 

assemblies. 
 

 
Fig. 13. Dependencies of Tmax and min. DNBR on burn-up for “Q3N” fuel assembly. 

 
Whereas the dependencies of DNBR and Tmax on burn-up for “QO3” and “Q3S” assemblies 

are practically identical (see Fig. 13.), the dependencies for the “Q3N” assembly differ. This 
difference is caused by an convenient value of the FdH peaking factor and larger flow cross 
section of the “Q3N” assembly. This second fact together with the same stated value of the inlet 
flow-rate causes increase in the inlet flow and consequently a decrease in the assembly heating-
up and a decrease in the maximum subchannel outlet temperature.  



The result is that DNBR limit of OKB3 correlation (1.238) was not exceeded in any 
calculation point. 

Detailed results can be found in11,12. 
 
 

III.B. Thermo-Hydraulic Calculations of Standard Equilibrium Fuel Loadings 
 

Consecutive thermo-hydraulic calculations were executed following the core neutron-physical 
analysis that had been carried out by the MOBY-DICK code in the 1/6 core symmetry. 

These thermo-hydraulic calculations were executed for the loadings of the “Q3S” and “Q3N” 
newly designed fuel assemblies with higher enrichment. The calculations were carried out by the 
subchannel CALOPEA13 code for the beginning, middle and end of cycles No. 33, 34, 38 and 39 
of Dukovany NPP Unit 3. The conditions of the calculations are stated in Table VII. 

 
TABLE VII 

Calculation Conditions 

Core thermal output  [MW] 1444 
Reactor inlet flow  [m3/h] 42500 
Primary circuit coolant 

pressure  
 [MPa] 12.41  

Reactor inlet temperature   [°C] 268.1  
DNB correlation See16,17 PG-S 

 
Results of the calculations are summarized in Table VIII. The stated values are again the 

maximum outlet subchannel temperature and minimum DNBR (PG-S) value in the course of the 
calculated cycles for “Q3S” and “Q3N” assemblies. 

 
TABLE VIII 

Maximum Subchannel Outlet Temperature and Minimum DNBR (PG-S Correlation) 

  Q3S Q3N 
Tmax  [°C] 318.8 317.8 
Min. DNBR [-] 1.377 1.374 
Cycle [-] 33 39 
FPD  [Eff. day] 20 250 

 
The calculations confirmed that DNBR determined by PG-S correlation had exceeded the 

correlation limit (1.126) in no calculation point. This fact provides at least 95% probability, with 
95% confidence, that DNB is avoided based on the DNBR correlation being used. The assembly 
outlet temperature had exceeded the outlet temperature limit of 318 C in no calculation point. 
Thus the requirements for safe thermal power extraction from the core were met for all 
calculated points. 

Detailed results can be found in14. 
 
 



 
IV. FUEL ASSEMBLIES MECHANICAL PROPERTIES 

 
 
The parametrical model of the fuel assembly19 was completely developed under the 

Abaqus/CAE18 interface, see Fig. 14. The model contains 139557 solid C3D8R, shell S4R and 
continuum shell SC8R elements. The loads of the model represent steady state conditions during 
normal operating conditions and conditions related to the transport – technology operation. The 
shroud tube wall thickness was considered to be 1 mm and 1.5 mm. The fuel assembly was fixed 
in its bottom nozzle. 

From the material definition point of view only stainless steel and zircon alloy were 
considered.  

The numerical simulations deal with the strength and buckling calculations, furthermore the 
limit pressure load of the fuel assembly shroud tube wall was determined21, the lowest 
acceptable thickness of the shroud wall was estimated and finally the model was subjected to a 
low cycle fatigue analysis22. 

 
Fig. 14. Parametrical model of the fuel assembly. 
 
The computational results are represented by the Tresca stress redistribution through the 

shroud wall thickness20 for all of the load cases, see. Fig. 15. Since the continuum element was 
used, the stress linearization was applied. Received nodal stress values have then become the 
input in the fatigue analyses. 



 

 
Fig. 15. Tresca stress redistribution through shroud wall thickness. 
 
For the axial concentric force the buckling analyses were performed. An appropriate pressure 

load substituted the force, see Fig. 16. The purpose of these analyses was to determine first five 
eigenvalues of the assembly, which represent the load-multiplying factor. Under these loads the 
construction shape damage is expected. For the purpose of these analyses Abaqus/Standard was 
used. 

 
Fig. 16. Force substitution by the appropriate pressure load. 
 



The shroud wall limit pressure for a fuel assembly is determined next. The limit pressure is 
determined by the state where Tresca stress on the shroud wall surface reached the material yield 
stress. As it was expected the material yield stress was exceeded at the corner surfaces first, as 
the Fig. 17. shows. 

 
Fig. 17. Exceeding of material yield stress at the corner surfaces. 
 
Furthermore the lowest value of the shroud wall thickness of the fuel assembly was 

determined. The effect was observed when the material yield stress was reached as a 
consequence of the shroud wall thickness reduction and max. load of axial tension force applied 
to the top nozzle of the fuel assembly. The numerical analyses show that the shroud wall 
thickness less then 0.8 mm is inclinable to its extraction, see Fig. 18. 

 

 
Fig. 18. Inclination of shroud wall to its extraction. 
 
The low cycle fatigue analysis of the fuel assembly with a shroud thickness of 1 mm was also 

done. The analysis was evaluated according to the summation of the fatigue damage value in the 
particular calculation nodes caused by the cyclic stress. The method of the fatigue damage was 
based on the Palmgren – Minerva hypothese of the fatigue damage cumulation D. The low 
fatigue analysis is accepted if the condition 1≤D is met. 

The input data for the strength analysis and for the life fatigue analysis were a set of the load 
blocks, which represents transient regimes describing the particular loads history of the fuel 
assembly during the cycles. 



The transient regimes are defined by the operation conditions of the reactor unit. Each regime 
corresponds to a particular combination of temperature, pressure of cooling medium, heat power 
of the reactor and other conditions. 

The nodes of the computational model (computational nodes) where the fatigue analysis was 
realized are shown in Fig. 19. These prescribed nodes were based on the previous stress 
analyses, in the location of the local stress concentration.  

 
Fig. 19. Nodalization in the computational model for the fatigue analysis. 
 
According to all of the above mentioned analyses the condition of D < 1 was satisfied for all 

of the investigated nodes of the fuel assembly. 
 
 
 

V. CONCLUSIONS 
 
 

Although only preliminary analyses described in the paper have been performed, it may be 
concluded that the temporary design of VVER-440 FA is not optimal (as it is a matter of 
common observation) and there exists a great potential for increasing FA reactivity, which is a 
necessary condition for achieving a full six-year loading strategy. (In effect, potential for 
lowering core neutron leakage is exhausted as well as the possibility of reducing neutron 
absorption in the construction parts of an FA.)  

A design change seems to be more encouraging than an attempt to further increase fuel 
enrichment. 

This result is supported by a preliminary economical evaluation of cycles with fuel assemblies 
of improved design (not presented here). 



Of course, both possibilities (or their combination) must be proved based on very well 
designed loading strategies. 

Deviations in spent fuel basic quantities of newly designed fuel assemblies in relation to the 
existing assemblies are relatively small (excluding criticality) and are no reason for taking any 
measures. 

Subchannel analysis executed both for individual assemblies and for the whole core loadings 
proves that the nuclear safety from the thermo-hydraulic point of view is not jeopardized by the 
use of newly designed fuel assemblies with relatively high enrichment. 

The fuel assembly where the shroud wall thickness was reduced to 1 mm is subjected to loads 
represented by the steady state conditions during normal operating conditions and related to the 
transport – technology operations. This fuel assembly meets the design criteria from the 
mechanical analyses point of view. Also the low cycle fatigue analysis criterion was satisfied all 
over the investigated nodes of the fuel assembly. 

It can be concluded that the newly designed fuel assemblies are promising pointing terms of 
fuel efficiency while preserving other requested properties. 
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NOMENCLATURE 
 
 
FA - Fuel Assembly 
FAs - Fuel Assemblies 
WFA - “Working” Fuel Assembly 
WFAs - “Working” Fuel Assemblies 
CA - Control Assembly 
CAs - Control Assemblies 
FP (FR) - Fuel Pin (Fuel Rod) 
FPD - Full Power Day(s) 
BU - Burnup 
∆Teff - Effective Time [FPD] 
FdH - Max. Relative Power of a Fuel Pin (=Kr) 
FHA - Max. Relative Power of a Fuel Assembly (=Kq) 
Max - Maximum, Maximal 
Min - Minimum, Minimal 
NPP - Nuclear Power Plant 



RPV - Reactor Pressure Vessel 
MOC - Middle of a Cycle 
BOC - Beginning of a Cycle 
EOC - End of a Cycle 
FPD - Full Power Day 
DNBR - Departure from Nucleate Boiling Ratio 
NPP - Nuclear Power Plant 
FdH - Peking factor 
OKB3 - DNBR correlation15 
PG-S - DNBR correlation16,17 
SPOS  - Shell top surface in its positive normal direction 
MID  - Middle layer of a shell 
SNEG  - Shell bottom surface in its negative normal direction 
C3D8R  - Continuum, 3 Dimensional, 8 nodes, Reduced-integration element  
S4R  - Shell, 4 nodes, Reduced-integration element 
SC8R  - Shell – Continuum, 8 nodes, Reduced-integration element 
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